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Abstract— In this paper, two step-down level shifter 
circuit structures based on AlGaN/GaN (aluminum- 
gallium-nitride/gallium-nitride) MIS-HEMTs  (metal- 
insulator-semiconductor-high-electron-mobility- 
transistors) are proposed. The level shifter circuits have 
the capability to produce voltage drop. They are used to 
address the challenges of anomalous operation state in the 
sawtooth wave generator of PWM _ (pulse _ width 
modulation) integrated circuit, while also mitigating the 
undesirable device degradation resulting from high 
output voltage from the comparator. Proposed circuit 
structures are simulated and calibrated by ADS 
(Advanced Design System) platform. Additionally, 
calculations are carried out to analyze the principle of 
output voltage drop. Subsequently, the circuit output 
characteristics and parameter settings of these circuit 
structures are discussed, which offer insights and advice 
regarding their feasibility and the potential of step-down 
level shifter circuit structures for monolithically 
integrated GaN power converters. 
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I. INTRODUCTION 


AlGaN/GaN — (aluminum-gallium-nitride/gallium-nitride)- 
HEMTs (high-electron-mobility-transistor) possess the 
advantages of fast switching performance, high-temperature 
operation, and large breakdown voltage, which enable them 
to be a potential candidate for the next generation of efficient 
power electronics [1-5]. Furthermore, the GaN-on-Si 
technology permits the monolithic integration of several 
devices for a compact structure that decreases the effect of 
parasitic characteristics on the circuit [6]. The AlGaN/GaN 
MIS-HEMTs (metal-insulator-semiconductor-high-electron- 
mobility-transistor) exhibit superior capabilities of low 
leakage current, scaling up threshold voltage, and wide gate 
voltage swing [7]. Within increased gate input tolerance, 
additional gate protection devices are not required thus 
reducing circuit complexity [8]. According to these 
advantages, the AlGaN/GaN MIS-HEMTs offer more 
effective and space-saving solutions for power conversion [9- 
10]. 

The comparator unit as the fundamental component of 
mixed-signal circuits has caught considerable attention [11]. 
Additionally, the comparator is a crucial component of the 
sawtooth generator, which is employed in pulse width 
modulation (PWM) circuits frequently [12-14]. Li et al. 
comprehensively investigated comparator characteristics, 


encompassing different temperatures and frequencies [15]. 
This study revealed that integrated comparators based on 
MIS-HEMTs exhibit both a large and stable comparison 
range, along with high voltage swings. 
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circuit [17]; (b) Proposed PWM generator block diagram. 


Despite its merits, the comparator generally has a logic- 
low voltage ranging from 3 to 5 V [16], posing challenges in 
achieving voltage signal recognition on the charging unit 
when employing a sawtooth generator in the PWM circuit 
shown in Fig.1 (a) [17]. Additionally, the output voltage’s 
proximity to the 10 V supply voltage might cause undesirable 
device degradation [18]. The step-down level shifter circuit, 
demonstrated by Wang et al., was utilized in the PWM 
integrated circuit for GaN power converters as depicted in 
Fig.1 (b) [13]. This level shifter circuit using fluorine plasma 
ion implementation technique has an operating voltage from 
0 to 4 V and it is used to shift down the comparator output 
voltage to a lower level. Besides, K. Fricke et al. also 
mentioned a resistor-based level shifter structure based on 
GaAs operation amplifier circuit [19]. 

In this work, two level shifter circuits based on 
AlGaN/GaN MIS-HEMTs are proposed with parameters 
analysis to optimize their performance. A comprehensive 
evaluation of the level shifter’s performance is conducted 
through static and dynamic simulations using ADS 
(Advanced Design System) platform. The simulations are 
focused on optimizing the device parameters to enhance 
circuit performance, particularly concerning the output 
voltage and circuit overshoot current. Calculations for both 


circuit structures are performed to validate the simulation 
results. 


II. SIMULATION AND DISCUSSION 


The level shifter circuits depicted in Fig. 2 encompass two 
distinct structures. The L-FER-based level shifter is 
configured in the form of the source follower, incorporating 
an additional lateral field-effect rectifier (L-FER) [20] to 
further decrease the output voltage level. On the other hand, 
the resistor-based level shifter also employs a source follower 
with a resistor being utilized to lower the output voltage. 
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Fig. 2. (a) Schematic of simulation circuit; (b) L-FER-based 
level shifter and resistor-based level shifter. 

The MIS-HEMT D/E-mode device parameters in the ADS 
platform are set based on previous research on GaN-based 
ASM (Advanced Spice Model)-HEMT conducted by Lu et al 
[21]. The open loop simulations with passive components 
disconnected are performed to analyze the static and dynamic 
performance. The simulation circuit is depicted in Fig. 2 (a), 
and relevant information is presented in TABLE I. The size 
of the comparator with chosen optionally. 


TABLE I: Key parameters for the circuit simulation 


Parameters Values 
Width of D-mode MIS- M1 = M2 =20 
HEMTs Wop-mode (um) M5 = 25; T3 = 10 
Width of E-mode MIS- M3 = M4 = 20 
HEMTs We-mode (um) Tl =T2=150 
Voltage supply (V) Vin= 0 - 10 

D-mode MIS-HEMTs A 

(cut-off voltage in V) 

E-mode MIS-HEMTs > 

(cut-off voltage in V) 

Resistor RO (kQ) 1 


A. Static simulation results of level shifter circuits 


The static simulation results for VsyiprgR and 
VcomparaTor are illustrated in Fig. 3, shift down voltage of 
output waveform can be noticed for both level shifter 
structures, the logic low output voltage of comparator is 
shifted down to voltage level close to 0 V. This phenomenon 
indicates that both structures possess the capability to voltage 


drop. 
(a (b) 


8 
Vcom PARATOR Vcom PARATOR 


6 Fe Verr=5-8V Veer= 5-8 V 


~ 
& 0.5 V/Step 0.5 V/Step 
— 

= 

o 4 

> Sy 8 


Vsu IFTER 


0246 8 02 4 6 8 
Vin (V) Vin (V) 


Fig. 3. The comparator output voltage and level shifter output 
voltage with the reference voltage from 5 V to 8 V with 0.5 V 
step (a) L-FER-based level shifter; (b) resistor-based level 
shifter. 


B. Dynamic simulation results of level shifter circuits 


In the dynamic simulation, a sawtooth AC signal with a 
voltage of 0 — 10 V and frequency of 100 kHz is introduced 
at the input port of the comparator. Fig. 4 illustrates the output 
characteristics of two step-down level shifters for different 
device sizes. 

In the simulation of the L-FER-based level shifter, the 
impact of the width of E-mode HEMT on the level shifter 
circuit is investigated and the width ratio is defined as We. 
mode : Wp-mode. The results presented in Fig. 4 (a) indicate for 
a fixed width of D-mode HEMT, the smaller width of E-mode 
HEMT could potentially lead to a reduction in VoysprgpR to 
some extent. 

Nevertheless, From Fig. 4 (b), minimal impact on the 
current in the level shifter circuit is observed that alterations 
under the width of E-mode HEMT from 50 to 1000 um. This 
might primarily be attributed to the relatively small width of 
the D-mode device, where the maximum current in the circuit 
is predominantly limited by the saturation current of D-mode 
HEMT. 

Regarding the output characters under different D-mode 
widths from 10 to 150 um, the simulation result in Fig. 4 (c) 
and (d) indicates that higher width of D-mode HEMT would 
contribute to a larger voltage drop and an increased current in 
the level shifter, such phenomenon tends to diminish as D- 
mode width increases further. 

Concerning the impact of both E-mode HEMTs and D- 
mode HEMTs, as depicted in Fig. 4, there emerges a 


discernible connection between the output voltage of the L- 
FER-based level shifter and the ratio between the width of E- 
mode and D-mode HEMT. For instance, similar output 
voltage levels of approximately 4 V can be observed for cases 
where WE-mode = 300 pm, Wp-mode = 20 wm and WeE-mode = 150 
uum, Wp-mode = 10 um. These devices exhibit a consistent 
width ratio of 15:1. Additionally, a large overshoot current is 
observed when employing a high E-mode and D-mode width 
ratio. This excessive overshoot may cause device damage 
[22]. A smaller width ratio is anticipated to mitigate the 
detrimental effects of overshoot. 


p : Wo (um) surrer = We? 


210 50: 
:10 100: 


:10 150: 
:10 300: 
210 


COMPARA TOR 


Voltage (V) 
Is wwrer (MA) 


5 10 5 10 
Time (ps) 


V curren We t Wo (nm) 1 surrer 


16 
12 paaiion = 
E = 
o —_ 
S & 
s : 
> n 
—_ 


Time (ps) 
Fig. 4. (a) Vout and VsHIFTER with different E-mode width; (b) 
Level shifter current with different E-mode size; (c) Vout and VsyiFrer 
with different D-mode width; (d) Level shifter current with different E- 
mode size. 
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As simulation results of the Resistor-based level shifter 
depicted in Fig. 5, it can be observed that higher resistance is 
associated with a comparatively larger voltage drop. 
Additionally, increasing the resistance of RO effectively 
mitigates overshoot current, and minor variations in IsyipreR 
are observed across different resistance values. 
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Fig. 5. (a) Vout and Vsyirrer With different resistance; (b) Level 
shifter current with different resistance; 


III. CIRCUIT ANALYZE OF LEVEL SHIFTER STRUCTURES 


A, L-FER-based Level Shifter analyzes 


In the circuit configuration of the L-FER-based level 
shifter depicted in Fig. 2 (b), the D-mode HEMT T3 also 
operates in the saturation region within its working region. 
By connecting its gate to the source terminal (Vcs= 0 V). The 
D-mode transistor exhibits a threshold voltage of about -4 V 
and the drain side maintains a higher voltage level compared 
to the magnitude of threshold voltage during its operation. As 
a consequence, the condition Vps > Vgs — Vi, is satisfied, 
indicating that this D-mode transistor operates in the 
saturation region. Regarding the E-mode transistor T2, where 
the drain and gate are connected (Vgp = 0 V), the condition 
Vos > Ves — Vin still holds since Vi,72 > 0. The E-mode 
transistor T2 will working in the saturation region. In 
reference to the MIS-HEMT model [23], the drain current is 
given by [24]: 

1 Ww 
Ip,sat = zherrlers 7 (Ves — Vin)? 
Where per is the effective mobility, Ce is the effective 
capacitance, and W/L is the width over length ratio. Devices 
T2 and T3 are supposed to work in saturation mode with the 
same current. Then, the following equation can be deduced: 


knp |Wr3 
Vps,r2 = Ves,r2 = [Vinal rae Wr + Vin,r2 
al ny 


Setting the Wr3/Wrz = Kp 


Vps,tz2 = Ves,t2 = [kn./ Kne * VK * |Venra| + Venre 


Where kue/knp = (Lert, E * Cote, E)/ (Lerep 5 Cerrp). The value of 
Vps, t2 may be construed as the voltage drop across the L- 
FER. Similarly, the E-mode transistor T1 also have a roughly 
voltage drop of Vinr1 when T1 opens in its expected voltage 
level. This calculation result further confirms previous 
simulation results. Firstly, when the width ratio Wr3/Wr, is 
increased, a larger voltage drop across L-FER would occur, 
resulting in a smaller output voltage. Secondly, the voltage 
drop across L-FER in the level shifter is influenced by the 
value of Kp, which aligns with the results obtained from the 
previous simulation. Several recommendations can be 
proposed for application, based on the calculation and 
simulation results. To achieve a fixed voltage drop on the 
input voltage, which implies that Vps.r2 approaching constant 


value, this requires larger Wy2 / Wr3 ratio value and smaller 
threshold voltage Vinr3. This will contribute to the constant 
voltage drop of L-FER with its value approaching Vin1. 
However, as mentioned in the simulation discussion, large 
Wr2/Wr3 would result in the current overshoot. Therefore, 
trade-offs need to be considered on circuit performance 
between stable voltage drop and overshoot current. 


B. Resistor-based level shifter analyzes 


Regarding the resistor-based level shifter, the resistor is 
applied to further decrease the output voltage. Based on the 
similar circuit structure analysis proposed by [25]. The 
voltage drop across the resistor can be approximated by the 
following expression: 

Va drop % R * Isuiprer 

Precise resistance is expected to achieve a predictable voltage 
drop. Larger resistance is recommended to mitigate current 
overshoot. Moreover, adjustments to the size of E-mode 
HEMT and D-mode HEMT devices can be employed to 
regulate circuit current ensuring a proper Vp drop. However, 
several factors also need to be taken into account including 
temperature which may affect the operation of the circuit. 


IV. CONCLUSION 


In conclusion, this study delves into two step-down level 
shifter circuits based on MIS-HEMT devices. Simulations 
were conducted to analyze the circuit performance 
concerning circuit overshoot current and output voltage. 
Additionally, the impact of the width ratio of devices on the 
output voltage and overshoot current is thoroughly discussed. 
Furthermore, the calculations and simulation results offer 
guidance for designing an optimized L-FER-based level 
shifter with predictable voltage drop and stable performance. 
Consequently, both structures are analyzed with regard to 
potential applications in future circumstances. This work 
contributes to application potential of level shifter designs 
and offers guidance for their integration into diverse circuit 
applications. 
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